v-Pre-and postoperative positron emission tomography (PET) was performed in six patients undergoing extracranial to intracranial bypass procedures for the treatment of symptomatic extracranial carotid occlusion. The six patients were all men, aged 52 to 68 years. Their symptoms included transient ischemic attacks (five cases), amaurosis fugax (two cases), and completed stroke with good recovery (one case). Positron emission tomography was performed within 4 weeks prior to surgery and between 3 to 6 months postoperatively, using oxygen-15-labeled CO, 02, and CO2 and fluorine-18-labeled fluorodeoxyglucose. Cerebral blood flow (CBF), cerebral blood volume (CBV), cerebral metabolic rates for oxygen and glucose (CMRO2 and CMRGIu), and the oxygen extraction fraction (OEF) were measured in both hemispheres. Preoperatively, compared to five elderly control subjects, patients had increased CBV, a decreased CBF/CBV ratio, and decreased CMRO2, indicating reduced cerebral perfusion pressure and depressed oxygen metabolism. The CBF was decreased in only one patient who had bilateral carotid occlusions; the OEF, CMRGlu, and CMRO2/CMRGlu and CMRGlu/CBF ratios were not significantly different from control measurements.
C
EREBRAL revascularization by superficial temporal artery (STA) to middle cerebral artery (MCA) anastomosis has been performed for the treatment of patients with focal cerebral ischemia due to atherosclerotic cerebrovascular disease that is not amenable to endarterectomy. Pre-and postoperative evaluation of such patients by means of positron emission tomography (PET) affords an opportunity to study the hemodynamic and metabolic consequences of chronic cerebral ischemia, as well as the effects of revascularization. This study reports the effects of STA-MCA anastomosis on cerebral hemodynamics and metabolism in six patients with symptomatic extracranial carotid occlusion who underwent PET pre-and postoperatively.
Clinical Material and Methods

Clinical, Radiological, and Neuropsychological Assessment
Six men, aged 52 to 68 years, underwent unilateral STA-MCA anastomosis for treatment of symptomatic carotid artery occlusion (Table 1) . Four patients had medically treated hypertension, three had stable coronary artery disease, and two had severe peripheral vascular disease. Five patients presented with ipsilateral transient cerebral ischemia, two of them with associated ipsilateral amaurosis fugax. One patient had a completed stroke with excellent neurological recovery, and his computerized tomography scan showed a small ipsilateral cortical infarct. Another patient had suffered a severe remote contralateral stroke and was hemiplegic. The four other patients had contralateral mild focal neurological deficits consisting of hypertonia, isolated facial weakness, or slight upper-extremity drift. Computerized tomography demonstrated contralateral lacunae in one patient and bilateral lacunae in another. One patient (Case 1) had deteriorating higher mental function documented by progressively worse scores on formal neuropsychological testing (Table 2) . Cerebral anglography demonstrated ipsilateral internal carotid artery occlusion in two cases, ipsilateral internal carotid and vertebral artery occlusions in one case, bilateral carotid occlusions in one case, and bilateral carotid and ipsilateral vertebral occlusions in two cases.
Neuropsychological assessment of intelligence, memory, language, and somatosensory and motor functions was performed in Cases 1 (Table 2) , 3, and 4. Intelligence was measured using the Wechsler-Bellevue Intelligence Scales, 36 which yield full-scale, verbal, and performance intelligence quotients. Material from the Wechsler Memory Scale 37 was used to obtain a memory quotient and delayed verbal and non-verbal recall scores, which are sensitive to temporal lobe functions. 24,3s Tests of language, including the vocabulary subtest of the Wechsler intelligence scales, and object naming were given as indices of the functioning of the primary language area in the left cerebral hemisphere, whereas word fluency was tested to reflect inferior frontal lobe function. 2~,3~ Cerebral dominance for speech was assessed by the dichotic digit test, which also yields evidence of temporal lobe functioning. 2~ Somatosensory and motor testing of both hands included passive movement, stereognosis, and dynamometry. Patients were tested within 2 weeks before and after surgery and at 3 or more months following operation.
The most recent episodes of retinal or cerebral ischemia occurred 2 weeks to 9 months prior to PET scanning. Baseline PET scanning was performed within 4 weeks before surgery, and follow-up PET scanning was performed between 3 and 6 months following the operation. Postoperative angiography was performed between 2 weeks and 5 months after surgery. Patients were clinically assessed at regular intervals, and the final assessment was performed 9 months to 2 years postoperatively in all patients except one who was reevaluated at 6 months.
Positron Emission Tomography
Positron emission tomography scanning was performed on the Therascan 3128 positron emission tomograph. 7 Both direct and cross-slice coincidences were acquired, with three slices obtained simultaneously. Image resolution was 12 mm (full width at half maximum) in the transverse plane.
Fluorine-18-1abeled fluorodeoxyglucose (~SF-FDG) was prepared by a previously described method. 9 The specific activity was determined to be approximately 680 mCi/mM. The patient received a 5-mCi bolus of lSF-FDG injected intravenously. Blood samples for determination of lSF-FDG plasma activity and glucose concentration were taken from the opposite arm, either by direct arterial sampling or by sampling from a vein arterialized according to Phelps, et 40 minutes after injection of the 1SF-FDG, the patients were positioned in the Therascan gantry, with the gantry aligned with the orbitomeatal (OM) line. Three tomographic slices were obtained simultaneously at each of two scan positions, located 42 mm and 62 mm above the OM line. Approximately 2 to 5 million true coincidences were obtained per slice.
Oxygen-15 CsO)-labeled gases (02, CO2, and CO) were administered sequentially in one session to provide three separate data sets. These were combined to provide functional maps for regional cerebral blood flow (rCBF), regional cerebral blood volume (rCBV), regional cerebral metabolic rate for oxygen (rCMRO2), and the regional oxygen extraction fraction (rOEF). 13 Molecular oxygen was produced by deutron irradiation of N2 gas with 4% 02 in a continuous-flow target arrangement. Labeled CO2 was produced by deutron irradiation of 2.5% CO2 in N2, and ~50-CO was produced by passing ~50-O2 through a column of activated charcoal at 900"C. Labeled gases were mixed with 200 cc/min of medical air and were supplied to the patient through a plastic face mask. The ~50-O2 and ~sO-CO2 gases were delivered continuously during the study period at flows of 10 mCi/min at 80 cc/min and of 5 mCi/min at 60 cc/min, respectively. Once inhalation of the labeled gas was begun, equilibrium was established over a 10-minute period, then scans were obtained at the positions described for the ISF-FDG study. Typically, 1.5 to 2.5 million true coincidences were recorded for each 150-O2 image, and 2 to 4 million for each 150-CO2 image. The 150-CO was administered in a dose of 80 mCi/min at 100 cc/min for 4 minutes. The ~50-CO was then discontinued, and after a lminute delay to establish equilibrium, low-resolution images were obtained at the two scan positions described. Typical images contained 300,000 to 500,000 true coincidences. Throughout these studies, arterial blood samples were obtained for the measurement of blood gases and plasma radioactivity.
Images were reconstructed using the Therascan standard software package. 19 The oxygen analysis program generates a map for each of the four functional parameters for each anatomical plane as a composite data set. The rOEF and rCMRO2 images were corrected for rCBV. 22 All studies were examined by placing circular regions of interest, 9 mm in diameter, over 15 cortical gray matter areas. Thirty anatomical regions, comprised of 15 homologous left:right pairs, were examined for each subject and the results were averaged to obtain mean values for the operated (ipsilateral) or nonoperated (contralateral) hemispheres. A 15% or greater change in postoperative compared to preoperative CMRO2 values was considered significant. 13 Similar criteria for significance were also applied to the other parameters.
The preoperative values were compared to those obtained in elderly control subjects studied at this institution using Student's t-test.
Results
Clinical, Neuropsychological, and Radiological Outcome
There were no surgical complications. All bypasses filled five or more branches of the MCA. All patients had arrest of transient cerebral and retinal ischemia and one patient had increased ipsilateral visual acuity. One patient (Case 1, Table 2 ) had a dramatic improvement in higher mental function as documented by serial pre-and postoperative neuropsychological testing. Another patient (Case 3) had better attention and better immediate and delayed verbal memory, with a 30-point increase in memory quotient (103 preoperatively, 133 postoperatively) when tested 2 weeks after bypass surgery to the dominant hemisphere. The third patient with neuropsychological assessment (Case 4) showed no improvement on postoperative testing. One patient with coronary artery disease died suddenly of undetermined causes 15 months after surgery.
Results of Positron Emission Tomography
Preoperative Examinations. Results of the preoperative examinations are given in Table 3 and Fig. 1 . Compared to the elderly control subjects the patients in this study had increased CBV, a decreased CBF/CBV ratio (four of five cases), and decreased CMRO2 in the symptomatic hemisphere (five of six cases). Patients with bilateral disease had similar changes in the asymptomatic hemisphere. The CBF was decreased in only * Units of measurement: CBF = cerebral blood flow (ml/100 gm/min); CBV = cerebral blood volume (% brain volume); CMRO2 and CMRGlu = cerebral metabolic rates for oxygen and glucose (umol/100 gm/min); OEF = oxygen extraction fraction (%); CMRGlu/CBF (#mol/ ml). Control values are means + standard deviation. NA = not available. t P < 0.05 when compared to control values. :~ p < 0.01 when compared to control values.
o
n e p a t i e n t w i t h bilateral c a r o t i d o c c l u s i o n . T h e O E F , C M R G I u , C M R G l u / C B F , a n d C M R O 2 / C M R G I u values were n o t significantly different f r o m c o n t r o l values.
Postoperative Examinations. C e r e b r a l revasculariz a t i o n resulted in a decreased C B V a n d a n increased C B F / C B V ratio bilaterally (Table 4) . T h e C M R O 2 was i n c r e a s e d in o n l y t w o patients in w h o m t h e p o s t o p e r ative O E F also increased. T h e C M R G l u a n d C M R G l u / C B F ratio w e r e i n c r e a s e d in o n e o r b o t h h e m i s p h e r e s in five patients. C h a n g e s in C B F a n d C M R O 2 / C M R G l u were variable. . CBF = cerebral blood flow; CBV = cerebral blood volume; CMRO2 and CMRGIu = cerebral metabolic rates for oxygen and glucose; OEF = oxygen extraction fraction. NA = not available. document the effects of cerebral revascularization. Cerebral blood flow alone is not reliable in reflecting the hemodynamic or metabolic state of the brain as it is often uncoupled from metabolic needs. 23 A rise in CBV is thought to be a sensitive indicator of hemodynamic compromise and probably represents vasodilation of the capillary bed in response to a fall in perfusion pressure below metabolic demands, j4' 16"17 These capillary changes facilitate oxygen delivery by decreasing the intercapillary distance and increasing the capillary surface available for metabolic interchange. 8 In human PET studies, some investigators have observed a correlation between decreased CBF and increased CBV. 28 Others have found that a CBF/CBV ratio of 5.5 to 6 is invariably associated with increased OEF and indicates uncompensated ischemia. 14 In acute stroke, when cerebral perfusion falls relative to metabolic demands the OEF can be increased from its normal level of between 35% and 50% to more than 90%, 38 presumably to assure maximal desaturation of arterial blood. Patients with low CBF, mildly reduced or normal CMRO2, and increased OEF (the so-called "misery perfusion syndrome") are believed by some to have ischemic yet viable tissue and would probably benefit from revascularization. 2,~2
Increased CBF and decreased OEF without changes in CMRO2 and CBV have been seen in some patients following bypass surgery. 29 Other authors have observed similar changes following revascularization, associated with either decreased or increased OEF. 2'31 Still others have observed that the main effect of bypass surgery is to decrease CBV. 15 Our study indicates that transiently symptomatic extracranial cerebrovascular occlusion is associated with altered hemodynamic function. This is reflected by increased CBV and a decreased CBF/CBV ratio in four of five symptomatic hemispheres, and likely represents capillary vasodilation in response to diminished cerebral perfusion pressure. Similar changes were seen in the asymptomatic hemisphere in patients with bilateral carotid occlusion. This hemodynamic compromise was associated with decreased CMRO2 in five of six symptomatic and four of six asymptomatic hemispheres, indicating bilaterally diminished oxygen utilization. This was not accompanied by preoperative increased oxygen extraction, perhaps because the metabolic demands of the cerebral tissue were met. The value for CMRGlu, the CMRGlu/CBF ratio, and the CMRO2/CMRGlu ratio were not significantly different from those of control subjects. Although individual rate constants were not measured in our cases, hemodynamic studies were not indicative of a state of critically severe preoperative ischemia and the rate constants and lumped constant used were those for normal brain. 19 Problems exist with the PET methods of quantifying CMRGlu in pathological conditions such as severe ischemia. In such circumstances, various factors used in the computation of CMRGlu are no doubt altered. The kinetic constants of the original three-compartmental model of Sokoloff, et aL, 32 and lumped constant ratio of the tissue distribution of glucose and deoxyglucose, as measured in healthy young control subjects, cannot be assumed to be similar in disease states. 18 Individual variations in the hemodynamic and metabolic responses to surgery are noteworthy. We believe, however, that the postoperative hemodynamic status was improved in both cerebral hemispheres in most patients. This was characterized by decreased CBV bilaterally and increased CBF/CBV in the symptomatic (and to a lesser degree in the asymptomatic) hemisphere. The CMRO2 was increased in only two symptomatic hemispheres, resulting from increased postoperative OEF. One patient (Case 4) had diminished CMRO2 and increased OEF in the operated hemisphere, perhaps indicating ongoing ischemia. The CMRGIu and CMRGIu/CBF ratio were generally in-creased and the CMRO2/CMRGlu ratio was generally decreased bilaterally. These findings may reflect uncoupling of oxygen and glucose metabolism and possible anaerobic metabolism. In one patient (Case 1) increased CMROz was not matched by concomitantly increased CMRGIu. Similar mismatching of oxygen and glucose metabolism due to decreased CMRGIu has been observed in the hyperemic area surrounding an area of stroke. 3,21 One patient (Case I) with extremely severe extracranial vascular disease showed progressive deterioration of cognitive function, documented by repeated preoperative neuropsychological testing. His condition was markedly improved following surgery. Similar improvement in intellectual function following cerebral revascularization has been reported, especially in the presence of multiple arterial occlusions. 11 '26'33 Others have found only a modest improvement in cognitive function with less severe extracranial disease. Our Case 1 is of interest because we were able to demonstrate a close coupling of cognitive function with CBF and oxygen utilization. In our patient there was a critical value for these parameters below which higher mental function was impaired. Cerebral revascularization improved cerebral hemodynamics and oxygen utilization above this critical value and cognitive function also improved. This has persisted over a 12-month postoperative period.
We conclude that cerebral revascularization results in improved hemodynamic function manifested by decreased CBV and an increased CBF/CBV ratio. This is associated with improved oxygen utilization only when there is also increased postoperative oxygen extraction. The interpretation of the observed postoperative changes in glucose utilization must be mitigated by the uncertainty of the accuracy of measuring glucose metabolism with PET. The inability to demonstrate a consistent and reproducible effect on oxygen utilization following revascularization argues against a direct effect of this operation on cerebral oxygen metabolism in most cases. This lack of metabolic effect may explain the failure of revascularization to decrease the incidence of stroke. 1~ Whether there are subgroups of patients, such as those with the so-called "misery perfusion syndrome ''2 or with progressive intellectual deterioration, who would benefit from cerebral revascularization remains an open question.
